Abstract
continuously (Homme, Easterday, & Anderson, 1970; Kawaoka, Chambers, Sladen, & Webster, 1988) . Although rare, the H9N2 AIVs have been reported to infect pigs (Xu, Fan, Wei, & Zhao, 2004; Yu et al., 2008) , humans (Butt et al., 2005; Liu et al., 2018) , and also replicate in mice without pre-adaptation (Lin et al., 2014) . Other studies have demonstrated that some H9N2 AIVs preferentially bind to human-like receptor and can transmit in ferrets via respiratory droplet, and viruses containing 627K or 701N in PB2 gene can further enhance their pathogenicity and transmissibility in mammals (Choi et al., 2004) . The widespread dissemination of H9N2 AIVs has posed a great threat not only to poultry industry but also public health.
Rapid diagnosis is essential to control viral spread, reduce economic losses and human infections. A definitive diagnosis of AI can be achieved by direct detection of AIV viral proteins or genes in specimens such as tissues, swabs, cell cultures, or embryonating eggs; or virus isolation and identification, which are usually time-consuming and laborious. Enzyme-linked immunosorbent assay (ELISA) (He et al., 2013) and hemagglutination inhibition (HI) (Pedersen, 2014) are frequently used methods to detect HA protein of AIV.
Viral genes detection methods for influenza viruses, such as real-time polymerase chain reaction (RT-PCR) (Dayakar, Pillai, Thulasi, Jayalekshmi, & Nair, 2018) and loop-mediated isothermal amplification (LAMP) (Kubo et al., 2010) , have been widely applied for the laboratory diagnosis. However, all these methods technically require sophisticated instruments operated by trained personnel (Abd et al., 2013; Aryan et al., 2010) , and are not suitable for diagnosis in field.
Recombinase polymerase amplification (RPA), an isothermal DNA amplification method, has been developed as a field-applicable assay to rapidly diagnose different pathogens (Piepenburg, Williams, Stemple, & Armes, 2006; Qi et al., 2018; Wand Vasileva, Bonney, Watson, Graham, & Hewson, 2018) . It utilizes a recombinase enzyme to bind to the primers and guide them to the homologous sequences in the double-stranded DNA and single-stranded DNAbinding (SSB) proteins to stabilize the displaced DNA, and then the amplification is initiated from the primer-binding sites by a polymerase (Piepenburg et al., 2006; Wand Vasileva et al., 2018) . After labeling primers and probes with fluorochrome, the products can be visualized simply by a specific lateral flow dipstick (LFD) (Jaroenram & Owens, 2014) . With its tolerance to crude samples and the ability to process by using a portable device, RPA-LFD is a promising detection method in areas with limited resource setting. In this study, a RT-RPA-LFD assay for HA gene of H9N2 AIVs has been established and evaluated. The analytical sensitivity of H9 RT-RPA assay was determined and compared with that of conventional RT-PCR using a ten-fold serial dilution of H9N2 RNA from 1.5 ng/μl to 1.5 × 10 −7 ng/μl as 
| MATERIALS AND METHODS
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| Clinical performance of H9 RT-RPA-LFD
The diagnostic validity of the established RT-RPA-LFD assay was evaluated by using 120 cloacal swabs from poultry farms with respi- The candidate primers of HA gene for RT-RPA assay were designed referring to the alignment analysis of HA sequences of H9N2 AIVs from GenBank. Firstly, the specificity of the primers was tested by RT-RPA and the amplification products were analyzed on 2% agarose gel after purification. As shown in Figure 1 , the 187-bp target gene could be successfully amplified from H9N2/HP strain but not from RNA sample negative for H9N2 and a non-template control.
Further, different primer concentrations, different reaction temperatures and different incubation time were optimized for the H9 subtype HA-specific RT-RPA-LFD based on the signal strength and sensitivity. As shown in Figure 2 , the minimum optimal primer con- 
| Specificity of H9 RT-RPA assay
The specificity of H9 RT-RPA assay was evaluated by using nucleic acids extracted from a panel of viruses pertinent to H9N2 virus, based on clinical symptoms, co-circulation and genetic correlations.
As shown in Figure 3 , the H9 RT-RPA assay neither detected the genomic DNA of ILTV nor RNA of NDV, IBDV, IBV and ALV. Considering that many different subtypes of AIV have been co-circulating in poultry, we further investigated whether the H9 RT-RPA primers cross-reacted with H1, H4, H5, H6 and H7 AIV. The results in Figure 3 revealed that none of these five subtype AIVs yielded a positive result by H9 RT-RPA assay, which indicating that the primers were specific for H9 AIV detection. Reverse (1,575) GCGACAGTCGAATAAATGGTG F I G U R E 1 Specificity of H9 RT-RPA primers. 2% Agarose gel electrophoresis of RT-RPA product amplified using designed primers. Lane1: product amplified by use of the RNA extracted from H9N2 AIV/HP strain as the template; Lane 2: negative control; Lane 3: blank control (RNA-free water) F I G U R E 2 Optimization of H9 RT-RPA reaction conditions. Different primer concentrations (a), reaction temperatures (b) and reaction time (c) were evaluated to optimize RT-RPA assay conditions. [Colour figure can be viewed at wileyonlinelibrary.com]
T A B L E 1 The sequences of primers designed for RT-RPA and RT-PCR assay in this study
| Sensitivity of H9 RT-RPA assay
The sensitivity of H9 RT-RPA-LFD assay was determined and compared with those of conventional RT-PCR by using 10-fold dilutions of H9N2 AIV viral RNA from 1.5 ng/μl to 1.5 × 10 −7 ng/μl as templates. The result in Figure 4 showed that RT-RPA-LFD assay could rapidly detect 0.15 pg RNA in 20 min which was more sensitive than that of routine RT-PCR with detection limit of 1.5 pg RNA in 90 min. These data highlighted the sensitivity and fast performance of RPA assay.
| Clinical performance of H9 RT-RPA-LFD assay
The diagnostic validity of the established H9 subtype HA-specific RT-RPA-LFD was evaluated by testing 120 clinical cloacal samples from chickens with clinical respiratory symptoms. Meanwhile, the samples were tested in parallel by using conventional RT-PCR. As shown in Table 2 , the H9 subtype AIVs positive rate detected by H9 subtype HA-specific RT-RPA-LFD and routine RT-PCR was 67.5% (81/120) and 65% (78/120), respectively, and the coincidence rate was 95.8%.
| DISCUSSION
H9N2 AIVs have become the most prevalent pathogen in poultry in China (Li et al., 2014; Sun & Liu, 2015) , resulting in great economic losses due to reducing egg production or high mortality caused by co-infection with other pathogens (Jaroenram & Owens, 2014) . More seriously, H9N2 AIVs serve as the gene donor for H7N9 and H10N8 viruses infecting humans, suggesting that they play a crucial role in contributing to virus evolution at the animalhuman interface (Rahimirad, Alizadeh, Alizadeh, & Hosseini, 2016) .
Therefore, rapid field diagnosis of H9 subtype AIVs can help to limit virus spread, reduce economic losses and human infections.
RPA assay does not need special instruments and can amplify target DNA to detectable level in a short period of time and at lower temperature than the other DNA amplification techniques.
A lateral flow dipstick (LFD) is a visual testing tool without welltrained personnel. Therefore, the platform combining RPA and LFD shows promising advantages, such as convenient operation, rapid reaction, easy visualization of results and less instruments and skilled personnel requirement, which make it an ideal detection method for field diagnosis of H9N2 infection.
In this study, an H9 subtype HA-specific RT-RPA-LFD assay 
